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INTRODUCTION

The M 7.1 Darfield carthquake occurred 40 km west of
Christchurch (New Zealand) on 4 September 2010. Six
months after, the city was struck again with an M 6.2 event
on 22 February local time (21 February UTC). These events
resulted in significant damage to infrastructure in the city and
its suburbs. The purpose of this study is to evaluate the perfor-
mance of global predictive models (GMPEs) using the strong
motion data obtained from these two events to improve future
seismic hazard assessment and building code provisions for the
Canterbury region.

The Canterbury region is located on the boundary
between the Pacific and Australian plates; its surface expres-
sion is the active right lateral Alpine fault (Berryman ez al.
1993). Beneath the North Island and the north South Island,
the Pacific plate subducts obliquely under the Australian
plate, while at the southwestern part of the South Island, a
reverse process takes place. Although New Zealand has expe-
rienced several major earthquakes in the past as a result of its
complex seismotectonic environment (e.g:, M 7.1 1888 North
Canterbury, M 7.0 1929 Arthur’s Pass, and M 6.2 1995 Cass),
there was no evidence of prior scismic activity in Christchurch
and its surroundings before the September event. The Darfield
and Christchurch earthquakes occurred along the previously
unmapped Greendale fault in the Canterbury basin, which is
covered by Quaternary alluvial deposits (Forsyth ez a/. 2008).
In Figure 1, site conditions of the Canterbury epicentral area
are depicted on a V3, map. This map was determined on the
basis of topographic slope calculated from a I-km grid using
the method of Allen and Wald (2007). Also shown are the
locations of strong motion stations.

The Darfield event was generated as a result of a complex
rupture mechanism; the recordings and geodetic data reveal
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that earthquake consists of three sub-events (Barnhart ez /.
2011, page 815 of this issuc). The first event was due to rup-
turing of a blind reverse fault with M 6.2, followed by a sec-
ond event (M 6.9), releasing the largest portion of the energy
on the right-lateral Greendale fault. The third sub-event (M
5.7) is due to a reverse fault with a right-lateral component
(Holden ez 4/. 2011). The Christchurch earthquake occurred
on an oblique thrust fault. The comparison of spectral accel-
eration values at stations near Christchurch reveals that the
second event produced much larger amplitudes of shaking
than the Darfield event due to its proximity to the epicen-
ter. Both events resulted in noticeably large amplitudes of
the vertical motion, often exceeding horizontal motion in
the near-fault area. The vertical motions, showing asymmet-
ric acceleration traces and pulses, reached 1.26 g during the
Darfield earthquake and 2.2 g during the Christchurch event.
These events were recorded by more than 100 strong motion
stations operated by the Institute of Geological and Nuclear
Sciences (http://www.geonet.org.nz/). Using the processed
data from these stations, peak ground acceleration (PGA) and
5%-damped spectral acceleration values at 0.3, 1, and 3 s are
used for performance evaluation of the global ground motion
predictive equations (GMPEs). The selected GMPEs are the
Next Generation Attenuation (NGA) models of Abrahamson
and Silva (2008), Boore and Atkinson (2008), Campbell and
Bozorgnia (2008), and Chiou and Youngs (2008). The Graizer
and Kalkan (2007, 2009) model, which is based on the NGA
project database, is also included. These GMPEs are abbrevi-
ated respectively as AS08, BA08, CB08, CY08, and GKO07.
Because they have been used widely for seismic hazard analy-
sis for crustal carthquakes, their performance assessment
becomes a critical issue especially for immediate response and
recovery planning after major events. The occurrence of after-
shocks similar to the Christchurch event will most probably
control seismic hazard in the broader area, as confirmed by
the recent M 6.0 event on June 13, 2011.

doi: 10.1785/gssrl.82.6.866
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A Figure 1. Shear-wave velocity (unit = m/s) down to 30 m derived from topographic slope; the locations of strong motion stations are

also shown.

PERFORMANCE EVALUATION OF GROUND
MOTION PREDICTION EQUATIONS

In order to evaluate the relative performance of the GMPEs
and their ranking to be used for logic tree weighting in hazard
analysis, we used traditional residual analysis and an informa-
tion theoretic approach. In residual analysis the prediction
error for each observation and standard deviation of the errors
for each event are computed for cach GMPE. Residuals cor-
respond to the difference between the observations and predic-
tions in natural-log space; negative residuals are interpreted as
overprediction, whereas positive residuals indicate underesti-
mation of the predictive model. The applied information theo-
retic approach is based on a log-likelihood value (LLH), which
describes the information loss when a GMPE approximates an
observation (Scherbaum ez a/. 2009). The average sample log-
likelihood (LLH) value of a GMPE, noted herein as g, over N
number of x observations, represented by a log-normal distri-
bution, is calculated as:

N
og( £(gl)) =, X log( () w

The negative average log-likelihood value is a measure of dis-
tance between the predictions and observations; therefore, a
GMPE exhibiting a smaller absolute value of LLH, relative to
other GMPEs, corresponds to a better performing model.

For the Darfield event, the relative performance of GMPEs

was evaluated for strike slip faulting since the greater amount

of moment release occurred during the second sub-event. For
the Christchurch event, however, the evaluation is based on the
thrust fault (as discussed before). The hanging wall effects were
considered, although their effects are not significant because the
causative faults appear to be steep (Bradley and Cubrinovski
2011, page 853 of this issue). The flat-file, listing distance met-
rics, Vg3 for each station, and corresponding observations (PGA
and spectral values), is provided for each event as an electronic
supplement  (http://nsmp.wr.usgs.gov/ekalkan/NZ/index.html).
Using this flatfile, predictions of GMPEs were computed for
each event. Figures 2-5 summarize the results for the M 7.1
Darfield (top panels) and M 6.2 Christchurch (bottom panels)
carthquakes. The plots shown in row A in each figure represent
16th, 50th (median), and 84th percentile of predictions consid-
ering an average Vs value of 400 m/s. In these plots, observa-
tions correspond to the maximum value of two horizontal com-
ponents. Because the NGA models predict geometric mean of
ground motion, their predictions were adjusted for maximum
horizontal component by multiplying their predictions with 1.1
for PGA and 1.15, 1.18, and 1.18 for spectral acceleration at 0.3 s,
1's,and 3 s, respectively. These adjustment factors were adapted
from Campbell and Bozorgnia (2008). The GK07 model pre-
dicts the maximum of the two horizontal components. It should
be also noted that both observations and predictions are plot-
ted against a distance metric specific to the model; for the BA0S,
the distance metric is the “Joyner-Boore distance” (R ), defined
as the closest distance from the recording station to the surface
projection of the fault rupture plane (Boore ez al. 1997). For the
remaining models, the distance measure is the “closest fault dis-
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A Figure 2. A) Comparison of PGA values recorded from the M 7.1 Darfield (top panels) and M 6.2 Christchurch (bottom panels) earth-
quakes for 16th, 50th (median), and 84th percentile predictions from five different GMPEs. B) Residuals computed for each GMPE for
median prediction; also shown is the trend line to quantify distance bias. C) Average-log likelihood (LLH) values are to determine per-
formance of GMPEs; higher LLH values indicate poorer performance.
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A Figure 3. A) Comparison of 5%-damped spectral acceleration values computed at 0.3 s for the M 7.1 Darfield (top panels) and
M 6.2 Christchurch (bottom panels) earthquakes for 16th, 50th (median), and 84th percentile predictions from five different GMPEs.
B) Residuals computed for each GMPE for median prediction; also shown is the trend line to quantify distance bias. C) Average-log
likelihood (LLH) values are to determine performance of GMPEs; higher LLH values indicate poorer performance.
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A Figure 4. A) Comparison of 5%-damped spectral acceleration values computed at 1 s for the M 7.1 Darfield (top panels) and
M 6.2 Christchurch (bottom panels) earthquakes for 16th, 50th (median), and 84th percentile predictions from five different GMPEs.
B) Residuals computed for each GMPE for median prediction; also shown is the trend line to quantify distance bias. C) Average-log
likelihood (LLH) values are to determine performance of GMPEs; higher LLH values indicate poorer performance.
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A Figure 5. A) Comparison of 5%-damped spectral acceleration values computed at 3 s for the M 7.1 Darfield (top panels) and
M 6.2 Christchurch (bottom panels) earthquakes for 16th, 50th (median), and 84th percentile predictions from five different GMPEs.
B) Residuals computed for each GMPE for median prediction; also shown is the trend line to quantify distance bias. C) Average-log
likelihood (LLH) values are to determine performance of GMPEs; higher LLH values indicate poorer performance.
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tance” (R
plane.
The next set of plots in Figures 2-5 (row B) shows the
distance distribution of residuals. Linear fit lines illustrate the
distance bias; the trend line passing through zero means that
there is no bias in predictions. Unlike the attenuation curves

mp) defined as the closest distance to co-seismic rupture

shown in row A, based on average Vs, the residuals are com-
puted based on specific Vg5, values at each station estimated
from topographic slope (Figure 1) in order to explicitly incor-
porate the site effects on ground motion estimates. To quantify
the quality of fit, the standard errors of predictions (oy,y) are
computed based on residuals, and these values are given in each
panel for each GMPE. The larger o7,y indicates a poorer perfor-
mance of the GMPE. For PGA, all GMPEs indicate an overall
good fit to observations up to ~100 km (Figure 2 row A); for
distances larger than 100 km, ground motion exhibits faster
attenuation, and as a result the observed peak values are lower
than expected. This is more pronounced for the Christchurch
event. Low ground accelerations recorded at large distances
show the effect of the anelastic attenuation due to regional low
Q (Zhao and Gerstenberger 2010).

In Figure 2 (row B), residuals for the Darfield event
reveal overestimation for distances greater than 70 km for the
ABO08 and 100 km for the BAO8 and CB08 models. On the
other hand, the GK07 and CYO08 fit better to the observa-
tions because their trend lines fitting to residuals do not show
a notable distance bias. For the AS08 and CB08, the misfit at
larger distances is more evident. In case of PGA, the GKO07,
BA08, and CY08 models yield the smallest o7,y of 0.52 for
the Darfield event. For the Christchurch event (Figure 2 bot-
tom panels), the GK07, AS08, BA08, and CY08 present better
residual fits than CBO8, for which the overestimation begins
at 20 km. The smallest o7,y is due to the CY08. The same is
true for spectral acceleration at 0.3 s as shown in Figure 3 (row
B). Finally, Figure 2 (row C) shows the distance distribution of
LLH values. In these plots, trend lines identify the consistency
of the GMPE in predicting ground motion at various distances;
if the slope is close to zero, then GMPE has low distance vari-
ability, meaning that it is consistent. Much higher LLH values
with increasing distance suggest a poorer fit at far-field, which
is observed for all GMPEs for the Christchurch event.

As shown in Figure 3, spectral acceleration at 0.3 s reaches
1 g at 40 km for the Darfield carthquake, and 2 g at 10 km
for the Christchurch earthquake. For the Darfield event, the
AS08 and CBO08 overestimate observations for distances larger
than 70 km as shown by the residual plots. The same trend is
evident for the Christchurch event (Figure 3 bottom panels).
The BAO8 performs better for the Darfield event since there is
only a minor overestimation for distances larger than 20 km.
For the Christchurch event (Figure 3 bottom panels), however,
the distance trend line of LLH reveals a poorer performance of
the BA0O8 and CBO08.

Ground motion estimates are given for spectral accelera-
tion at 1 s in Figure 4, where the observations exceed 1 g in the
near field of both earthquakes. For Darfield, all GMPEs present
an excellent fit to the observations up to 70 km from the fault.

Beyond 70 km, they slightly overestimate the observations due
to faster attenuation of ground motion at far distances. For the
Christchurch event, the overestimation is evident for the BA0OS
and CB08 over 50 km, which resulted in higher LLH values.
In Figure 5 (top panels), comparisons are given for the
spectral acceleration at 3 s. For both Darfield and Christchurch
events, spectral peaks reach 0.5 g. For the former event, the GK07
is the best fitting model to observations with zero distance bias
and with lowest LLH values. The NGA models underestimate
long period ground motions up to 100 km, whereas beyond 100
km they tend to overestimate. For the Christchurch earthquake,
none of the models provide an excellent fit (Figure 5 bottom pan-
els). The GKO7 overestimates observations, as opposed to under-
estimation of NGA models over a wide distance range.

RANKING GROUND MOTION PREDICTION
EQUATIONS

In Table 1, the mean () and standard deviation (o7 y)
of LLH values over the total number of observations for each
carthquake and for each GMPE are tabulated; the standard
errors (o7,y) of predictions are also listed. This table is used for
ranking the GMPEs according to these three parameters. For
ranking, each parameter is first normalized with the respect to
its lowest value due to different GMPEs, and then the arithme-
tic-mean of normalized values is computed for p; | 1y, o7 3> and
o1,y for each GMPE. The GMPE with the lowest arithmetic-
mean is ranked as first. This exercise is repeated for each period
and for each earthquake, and the results of ranking are given in
Table 2. The best performing GMPE has a combined perfor-
mance value close to unity. The ranking results show that per-
formance of the GK07, BA08, and CY08 are equally the same
for different periods and events, while the CB08 and AS08

show relatively poorer performance.
CONCLUDING REMARKS

In this study, we examined the performance of global ground
motion prediction equations (GMPEs) for the New Zealand M
7.1 Darfield and M 6.2

Christchurch earthquakes, with the objective of improving
future seismic hazard assessment and engineering applications
for the Canterbury region. These events are characterized by
significantly large ground motions at high frequencies, which
showed faster attenuation through the crust due to low regional
Q. Amplified spectral accelerations at long periods at long dis-
tances are attributed to Canterbury’s deep sedimentary basin.
For similar shallow earthquakes in New Zealand, there is an
evidence of Moho reflection, which potentially might further
amplify long-period ground motions (Zhao and Gerstenberger
2010). Comparison of predictions derived from the five differ-
ent GMPEs with observations reveal overall good performance
of these models, supporting their applicability for the region.
For the purpose of selecting and weighting GMPE:s in a logic
tree approach for regional seismic hazard analysis, we applied
a simple ranking procedure based on the average LLH values
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TABLE 1
Mean (p, ;) and standard deviation (o, ,) of average log-likelihood (LLH) values, and standard error of predictions (o,,y).
GKO7: Graizer and Kalkan (2007, 2009); AS08: Abrahamson and Silva (2008); BA08: Boore and Atkinson (2008); CB08:
Campbell and Bozorgnia (2008); CY08: Chiou and Youngs (2008).

Hun OLLH Olny
GKO07 AS08 BA0O8 CB08 CY08 | GKO7 AS08 BA08 CB08 CYO08 | GKO7 AS08 BAO8 CB08 CYO08
M 7.1 Darfield
PGA 077 084 080 09 073|080 096 074 113 090 | 052 058 052 063 0.52

SA(0.3s) | 091 104 095 110 094 | 086 099 085 112 1.00 | 059 069 063 071 0.63
SA(15s) 093 093 090 091 095|052 052 046 053 058 | 061 0.62 060 0.60 0.60
SA(3s) .02 106 109 11 123 | 045 065 063 076 080 | 065 069 071 068 0.69

M 6.2 Christchurch
PGA 098 0.91 112 092 1.4 112 093 142 282 094 | 061 063 077 053 0.61
SA(0.3s) | 1.01 1.04 102 099 169 | 103 100 170 229 099 | 0.68 072 080 062 0.68

SA(15s) 1.00 111 067 089 112 | 068 089 113 129 079 | 071 073 073 064 071
SA(3s) 117 098 063 067 082 | 063 068 083 078 059 | 065 075 0.67 0.61 0.65

TABLE 2
Combined performance parameters of ground motion prediction equations (GMPEs; GMPE with the lowest performance
parameter can be interpreted as better performing one (shown by bold).

Combined Performance Parameter

GKo07 AS08 BA038 CBo08 CY08
M 7.1 Darfield

PGA 1.05 1.19 1.04 1.35 1.07
SA(0.3s) 1.00 1.16 1.04 1.24 1.09
SA(15s) 1.07 1.07 1.00 1.06 1.1
SA(3s) 1.00 1.18 1.19 1.28 1.35
M 6.2 Christchurch
PGA 1.17 1.08 1.37 2.36 1.00
SA(0.3s) 1.04 1.07 1.46 1.85 1.00
SA(15s) 1.01 1.21 1.39 1.49 1.08
SA(3s) 1.09 1.10 1.30 1.18 1.02

to thank David Boore, Tom Hanks, and Vladimir Graizer for

their reviews.

considering their mean and standard deviation, as well as stan-
dard errors (oy,y) of predictions. The ranking results show that
performance of GK07 (Graizer and Kalkan 2007,2009), BA08

(Boore and Atkinson 2008), and CY08 (Chiou and Youngs
2008) perform equally well, while the CB08 (Campbell and
Bozorgnia 2008) and AS08 (Abrahamson and Silva 2008)

show relatively poorer performance. B
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For NGA models, we used the Fortran code written by David
Boore (Kaklamanos ez 4/. 2010); for the Graizer and Kalkan
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wr.usgs.gov/ekalkan/NZ/index.html.
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